16 O, we investigate the relation between the E0 monopole transition matrix elements and cluster-shell competition using antisymmetrized quasi cluster model (AQCM), where the dissolution of α clusters into quasi clusters due to the effect of the spin-orbit force is introduced. We focus on the structure change when the strength of the spin-orbit force is varied. The ground state dominantly has a compact four α structure (doubly magic structure of the p shell), which is rather independent of the strength. However the first excited state (0 + 2 ) has 12 C + α cluster structure and this state is largely affected by the increase of the strength; the subclosure configuration of the p 3/2 shell for the 12 C cluster part becomes more important than three α configuration. The E0 transition from the ground state with compact four α configuration to the 0 + 2 state with 12 C + α cluster configuration is suppressed when increasing the spin-orbit strength. Although the E0 operator itself does not have the spin dependence, the matrix element is sensitive to the difference of intrinsic spin structures of the two states. The E0 transition characterizes the persistence of four α structure in the 0 + 2 state.
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I. INTRODUCTION
The E0 monopole transition has been regarded as a physical quantity which is related to the matter properties of heavy nuclei. In addition, recently it has been discussed that it is closely related to the structures of light nuclei, especially for their cluster structure [1] . The E0 monopole excitation induces the breathing mode of nuclei. However changing nuclear density requires highly excitation energy because of the saturation property of nuclear systems. On the other hand, if the system is composed of strongly bound subsystems called clusters, the relative interaction between cluster is weak, and it is possible to change the relative distances (nuclear sizes) without giving high excitation energies. α clusters are very stable and they are good candidates. The monopole excitation is expected to induce α cluster excitation (excitation from the ground state to states with α cluster structure) in low excitation energy region. Indeed, strong monopole transition and the relation to α clustering have been discussed in 10 Now we focus on the case that the counterpart of the α cluster has more complex structure. There have been numerous works showing that the low-lying states of 16 O, including the 0 + 2 state, have 12 C+α structure [7] [8] [9] . Also in this nucleus, the E0 strength distribution has been observed [10] . If we compare the results with the random phase approximation (RPA) calculation based on the mean-field theory [11] , the agreement in high excitation energy region is good; however it is not in low excitation energy region. There some of the strong peaks observed are missing in the calculation. For example, the E0 transitions from the 0 + 1 to the 0 + 2 and 0 + 3 states are observed to be 3.55 ± 0.21 e fm 2 and 4.03 ± 0.09 e fm 2 , respectively [12, 13] , and they correspond to about 3% and 8% of the energy weighted sum rule [14] . Based on the cluster approaches, these E0 transitions to lowlying states are theoretically explained in the frameworks of 12 C + α orthogonality condition model (OCM) [15] , 4α OCM [16] and 12 C (antisymmetrized molecular dynamics: AMD) +α generator coordinate method (GCM) [17] . Yamada et al. pointed out in Ref. [14] that there are two reasons for the E0 transition from the ground state to low-lying cluster states. One is the duality; simple shell model wave function automatically contains the clustering degree of freedom. If we take the zero limit for the relative distance between 12 C and α, the wave function agrees with the closed p shell configuration of the shell model. Thus there is certain path from the ground state to the 12 C + α cluster configuration. This is explained by the so-called Bayman-Bohr theorem [18] . The other is ground state correlation. The ground state slightly deviates from the shell model limit and contains more 12 C + α cluster configurations when the wave functions corresponding to this path are superposed. This effect enhances the transition from the ground state to the 12 C + α cluster states.
However, the discussion of Bayman-Bohr theorem is based on the three-dimensional harmonic oscillator type wave function (or N α cluster model wave function with some limit of relative distances) and it is not trivial whether the same logic holds or not when the jj-coupling shell model wave functions are introduced. The ground state is rather safe; the closed p shell configuration, which plays a dominant role in the ground state, can be equally described by the four α cluster model and jj-coupling shell model. On the contrary, there appears non-negligible difference in the wave function of 12 C + α states when the jj-coupling 12 C is introduced. In our previous analysis for 12 C, we discussed that the ground state of 12 C is an intermediate state between three α cluster state and the subclosure configuration of p 3/2 in the jj-coupling shell model, and there the contribution of the spin-orbit force is quite strong [19] . In 16 O, both wave functions of the ground and excited states contributes to the monopole transition matrix elements, and it is worthwhile to investigate whether the inclusion of shell model like wave functions for the 12 C cluster part changes the story of monopole transition strengths in the low energy regions or not.
In this paper, we discuss the behavior of the E0 transition matrix elements from the ground state when the jj-coupling shell model 12 C is mixed with three α in the excited states of 16 O. We take notice on the E0 transition matrix elements as a function of the strength of the spin-orbit force in the Hamiltonian. With increasing the spin-orbit strength, the α breaking components become more important, and jj-coupling shell model 12 C strongly mixes in the 12 C+α cluster states. Although the E0 operator itself does not have the spin dependence, the E0 transition matrix elements turns out to be sensitive to this change.
As a theoretical framework, we use antisymmetrized quasi cluster model (AQCM) [19] [20] [21] [22] . AQCM is the method, which can describe jj-coupling shell model wave function by extending cluster model. The remarkable advantage of AQCM is that the number of the parameters required to characterize the transition from cluster state to jj-coupling shell state is quite small. In addition to the distance parameters used in traditional cluster models, AQCM needs only one new parameter Λ, which describes the dissolution of α clusters and change into jj-coupling shell state; the clusters with finite Λ value are called "quasi clusters". In 12 C, Suhara et al. were successful to describe the change of three α cluster state into the p 3/2 subclosure configuration of the jj-coupling shell model with only two parameters, namely distance parameter R and dissolution parameter Λ [19] . In this work, we adopt the method to describe the 12 C part of the 12 C + α cluster states in 16 O.
This paper is organized as follows. We explain our formulation for this work in Sec. II. The results and discussion are given in Sec. III. Finally, we present conclusion and outlook in Sec. IV.
II. FORMULATION
In this section, we explain the wave function and Hamiltonian in our model. A. Wave function 1. Single-particle wave function
The single-particle wave function is described by Gaussian packet,
where χ i and τ i are spin and isospin part of the ith singleparticle wave function, respectively. For the width parameter ν (= 1/2b 2 ), we use the value of b = 1.6 fm to reproduce the radius of 16 O. If we choose the same Gaussian center parameter ζ i for four nucleons (spin up proton, spin down proton, spin up neutron and spin down neutron), the four nucleons are regarded as forming an α cluster.
The coordinate system is defined in the following way. Firstly, we place three α clusters on the x-y plane in regular triangle shape. which are regarded as 12 C cluster. The length of one side is defined as R. Secondly, we place the fourth α cluster on the z axis. The length between the center of masses of the fourth α cluster and 12 C is defined as h. If h = 2/3 × R, the four α clusters configure tetrahedron shape. The definitions of R and h are schematically shown in Fig. 1 . Thirdly, we introduce a dissolution parameter Λ for the three α clusters on the x-y plane. For the details of introducing Λ for 12 C, see Ref. [19] . Finally, the center of gravity of the whole system is moved to the origin.
Wave function of the total system
The wave function of the total system is parity and angular momentum eigenstate: The intrinsic density distributions (i.e. the density distributions before angular momentum and parity projections) of typical basis states are shown in Fig. 2 . In Fig. 2 (a) , the four α clusters configure compact tetrahedron shape, and parameters are set to R = 0.1 fm, h = 2/3 × 0.1 fm and Λ = 0. In this case, the density looks having a spherical symmetry. This state corresponds to the (0s) 4 (0p) 12 closed shell configuration at the limit of h = 2/3 × R → 0 as described in the socalled Bayman-Bohr theorem [18] ; the zero limit for the distances between α clusters with certain shape corresponds to the closed-shell configurations. Figure 2 (b) and (c) show the 12 C + α cluster like states, where the parameter h is increased to h = 2/3 × 8.0 fm, while keeping R = 0.1 fm. In Fig. 2 (b) and (c), 12 C cluster is put on the left-hand side and the last α cluster is on the right-hand side. In Fig. 2 (b) , the dissolution parameter is set to Λ = 0 and 12 C cluster is nothing but three α clusters. In Fig. 2 (c) , the dissolution parameter is set to Λ = 1 and three α clusters in 12 C are changed into quasi clusters, which correspond to the subclosure configuration of p 3/2 at the limit of R → 0. Here, the density of the 12 C cluster part looks having a spherical symmetry.
B. Hamiltonian
The Hamiltonian used in our work is given aŝ
whereT is total kinetic energy operator andT G is kinetic energy of center of mass motion. We use the Volkov No.2 [23] for the central forceV C :
where V a = −60.65 MeV, V r = 61.14 MeV, α = 1.80 fm and ρ = 1.01 fm are original values and we adopt M = 1 − W = 0.62 and B = H = 0.125. We use spin-orbit part of G3RS force [24] forV LS :
where η 1 = 0.447 fm and η 2 = 0.6 fm are original values and V LS ≡ V LS1 = −V LS2 is variable parameter in our work.V Coulomb is Coulomb potential for the protons. 
III. RESULT AND DISCUSSION

A. Effects of spin-orbit strength
In this section, we discuss the V LS (strength of the spinorbit force) dependence of the 0 + energy levels and E0 transition matrix elements. The reasonable V LS value of 1600 ∼ 2000 MeV has been suggested in the study of scattering phase shift of α + n system [26] . However here we set up two extreme cases of V LS = 0 MeV and 3000 MeV and vary V LS between them to see the tendency of the energy levels and E0 transition matrix elements. We discuss the change of the wave functions by calculating squared overlap between the final solution and each basis state.
Energy levels
Firstly, we investigate the 0 + energy levels of 16 O. The 0 + energy levels as a function of the strength of the spin-orbit force, V LS , are shown in Fig. 3 . The experimental ground state energy is −127.6 MeV [25] . Here we plot points corresponding to the solution of the Hill-Wheeler equation for each fixed V LS value and connect them with lines in order from bottom. The "nth state" is defined at each V LS value from the bottom. For 0 ≤ V LS ≤ 1500 MeV, the energies of calculated first and second states are almost independent of V LS . For V LS ≥ 2000 MeV, the energy of calculated first state slightly decreases with increasing V LS value; however the second state is much more influenced. This is because the dominant configuration of the ground state is the closed p shell configuration, where the contribution of the spinorbit force to p 3/2 and p 1/2 cancels. On the other hand, in calculated second state, the spin-orbit force acts attractively for the 12 C cluster part. In the region slightly above V LS = 2000 MeV, level repulsion of calculated second and third states occurs.
Experimentally the 0 + 2 state is observed at E x = 6.05 MeV [12, 13] . However, this excitation energy is calculated to be higher by more than 10 MeV without the spin-orbit force at V LS = 0 MeV. This has been a long standing problem of traditional (microscopic) α cluster models, which cannot take into account the spin-orbit effect. Now this is considerably improved by introducing the dissolution of α clusters.
As discussed later, the main component of the calculated second state at V
We also find another example of such decoupling of four α state at −98.1 MeV. At V LS = 0, the calculated state is fourth state. The energy of this state does not change even after increasing V LS . Many level crossings with other states occur; however the character of this state remains at this energy.
E0 transition matrix element
Next we show the E0 transition from the ground state and discuss the effect of α dissolution due to the spin-orbit force. The E0 transition matrix element M (E0, 0 
wherer c.m. ≡
16 16
i=1r i is the center-of-mass coordinate operator.
The E0 transition matrix elements from the first to the second, third and fourth 0 + states calculated by changing the V LS value, are shown in Fig. 4 . Here, nth state is defined from the bottom at each V LS value. For 0 ≤ V LS ≤ 1500 MeV, the E0 transition matrix element from the first state to the second state is around 8 e fm 2 almost independent of V LS . This value is much larger than the observed one (3.55±0.21 e fm 2 ). In the region of V LS ≥ 1500 MeV, the E0 transition matrix element from the first state to the second state decreases. On the other hand, the one from the first 0 + state to the third 0 + state increases (the observed value for 0 + 3 is 4.03 ± 0.09 e fm 2 ). This is due to the interchanges of the wave functions of the second and third states after their level repulsion. Why these changes influence the E0 transition probability will be discussed later in detail. Experimentally the transition matrix element to the third 0 + state is slightly larger than one for the second 0 + state, and this is realized in our model with the V LS value slightly above 2000 MeV.
Squared overlap
In this subsection, the wave function of each state is analyzed in more detail. The squared overlap between the final solution, |Φ in Fig. 3 , and each basis state, |Ψ ijk in Eqs. (2) and (3), at fixed V LS value is defined as
and we compare the squared overlaps for the cases of V LS = 0 MeV and V LS = 3000 MeV. We start with the case without the spin-orbit force (V LS = 0 MeV). The squared overlap between the first state calculated at V LS = 0 MeV in Fig. 3 and |Ψ ijk is shown in Fig. 5 . Figures 5 (a), (b) , (c) and (d) are the squared overlaps with Λ = 0, 1/3, 2/3 and 1 basis states, respectively. The first state is obtained to be a compact tetrahedral structure (small h and R), and Λ = 0 gives the largest squared overlap.
The squared overlap between the second state calculated at V LS = 0 MeV in Fig. 3 and |Ψ ijk is shown in Fig. 6. Figures 6 (a), (b) , (c) and (d) are the squared overlaps with Λ = 0, 1/3, 2/3 and 1 basis states, respectively. In this case, spatially expanded triangular pyramid structures (large R and h) with Λ = 0 are the dominant configurations. Without the spin-orbit force at V LS = 0 MeV, both the first and second states are obtained to have four α configurations, although their spatial extensions are quite different.
Next we discuss the cases calculated with extreme spinorbit strength (V LS = 3000 MeV). The squared overlap between the first state calculated at V LS = 3000 MeV in Fig. 3 and |Ψ ijk is shown in Fig. 7. Figures 7 (a), (b) , (c) and (d) are the squared overlaps with Λ = 0, 1/3, 2/3 and 1 basis states, respectively. Comparing with the case of V LS = 0 MeV, still compact tetrahedral structures (small R and h) are important, but the squared overlap with Λ > 0 basis states are much increased as seen in Figs. 7 (b), (c), and (d) .
Finally, the squared overlap between the second state calculated at V LS = 3000 MeV in Fig. 3 and |Ψ ijk is shown in Fig. 8. Figures 8 (a), (b) , (c) and (d) are the squared overlaps with Λ = 0, 1/3, 2/3 and 1 basis states, respectively. In this case, the optimal h value is rather large, but R is small and basis states with Λ=1 play a dominant role. Thus the subclosure configuration of p 3/2 is realized in 12 C. The second state calculated at V LS = 0 MeV and that at V LS = 3000 MeV are significantly different, and this difference affects the E0 transition as discussed in detail from now.
B. Mechanism for the E0 transition suppression
In this subsection, we discuss how the level repulsion and interchange of the wave functions between the second and third states calculated in Fig. 3 affect the E0 transition probability from the first state. We focus on the change of the wave function of the second state, especially for the change of 12 C cluster part from three α clusters to the p 3/2 subclosure of the jj-coupling shell model.
E0 transition between two typical basis states
To discuss the change of the E0 transition probability, firstly we prepare typical basis states representing the characters of the first and second states obtained in Fig. 3 and investigate the change of E0 transition matrix element. We introduce initial and final states. The initial state, Ψ i , represents the first state of Fig. 3 and has compact tetrahedral structure. The final state, Ψ f , represents the second state of Fig. 3 and has 12 C + α structure. We define the initial state as Ψ i ≡ Ψ (R = 0.1 fm, h = 2/3 × 0.1 fm, Λ = 0) and the final state as Ψ f ≡ Ψ (R = 0.1 fm, h = 2/3 × 5.0 fm, Λ = Λ f ). Here Λ f is a control parameter, which changes the 12 C cluster part from three α to the subclosure of p 3/2 orbits. Indeed, Ψ f with Λ f = 1 is the dominant basis state for the second state of Fig. 3 , when the strength of the spin-orbit force is V LS = 3000 MeV.
The E0 transition matrix element between the initial state Ψ i and the final state Ψ f is shown in Fig. 9 as a function of Λ f . At Λ f = 0, the calculated E0 transition matrix element is 20.1 e fm 2 . The value is about six times compared with the experimental one [12, 13] . However, this E0 transition matrix element drastically decreases with increasing Λ f , and the value becomes comparable to the experiments around Λ f = 1.
As a mechanism to explain this drastic decrease of the E0 transition matrix element to the second 0 + state, we take notice on the change of the intrinsic spin structure in the final state. The initial state is compact four α state, which agrees with the closed p shell configuration, and the state has intrinsic spin equal to zero independent of the Λ value. However the final state is 12 C + α cluster state, and when Λ f > 0, quasi α clusters can have finite expectation values of the intrinsic spin unlike α clusters. Since the E0 transition operator does not contain the spin part, it cannot connect two states with different intrinsic spin structures.
The intrinsic spin operatorŜ is defined aŝ
whereŝ i is the spin operator for the ith nucleon. Figure 10 shows the expectation value of the square of this operator as functions of R and h. Figure 10 (a) is the case of Λ = 0, and the values are exactly zero independent on R and h values, because each α cluster has spin zero [27] . On the contrary, Fig. 10 (b) shows the case of Λ = 1, and the values become finite except for the region of very small R and h values. Although we do not change the spin part of the wave function, the total system has finite intrinsic spin owing to the parameter Λ given to the spatial part. The expectation value of squared intrinsic spin for the final state with Λ f = 1, which is the dominant basis state for the second state calculated with V LS = 3000 MeV, is 2.6. Since the value for the ground state is almost zero, the two states have quite different spin structures. The E0 transition operator does not act on the spin part, thus the E0 transition between two states which have different spin values is suppressed. In Fig. 10 (b) , the expectation value of squared spin numerically converge to 2.66... ≈ 8/3 at the limit of R → 0 when h value is large enough.
Intrinsic spin of the full solutions
Next, we discuss the intrinsic spin of the full solution. The expectation value of the square of the intrinsic spin operator for the full solutions obtained in Fig. 3 , are shown in Table I . At V LS = 0 MeV, all the 0 + states listed here have the value close to zero. With increasing V LS , the basis states with finite Λ start contributing to each state, and the intrinsic spin increases in all the states listed here. However the increase is much smaller in the ground state due to the closed shell structure of the p shell; the state has the value of 0.3 at V LS = 3000 MeV. On the other hand, the value for the second 0 + TABLE I: The expectation value of the square of the intrinsic spin operator for the 0 + states of 16 O obtained in Fig. 3 . Here VLS stands for the strength of the spin-orbit force in the Hamiltonian.
VLS ( state is 1.8, where the subclosure configuration of the p 3/2 shell for the 12 C cluster part is important. The intrinsic spin structure of these two states are completely different. This is the reason for the suppression of the E0 transition probability between these states. Although the E0 operator itself does not have the spin dependence, the matrix element is sensitive to the difference of intrinsic spin structures of the two states.
C. Orientation of
12 C
In our model, we considered only triangular pyramid structures, i.e. we did not consider the effect of rotation of three α clusters forming 12 C with respect to the last α cluster. The definition of the coordinate system in this work may lead to the overestimation of the E0 transition strength. Taking into account other orientations of 12 C as in the previous study [17] is expected to help in better reproduction of the experimental value.
For instance, in Fig. 4 , the E0 transition matrix elements from the first to the second 0 + states is around 8.3 e fm 2 at V LS = 0 MeV. This value is reduced when other orientations of 12 C are introduced. If we prepare Λ = 0 (four α) wave functions with other orientations of 12 C with respect to the forth α and diagonalize the Hamiltonian, the value decreases to 6.9 e fm 2 . In our analyses we needed rather large value of V LS ∼ 2500 MeV to reproduce the experimental E0 value from the ground to the second 0 + state; however this result indicates that we could reproduce it with a bit smaller V LS value when this orientation effect is taken into account.
IV. CONCLUSION
In this study, for 16 O, the 0 + energy levels and the E0 transition matrix elements from the ground state have been investigated in the framework of AQCM. The E0 transition strength has been known as a quantity which characterizes the cluster structure of low-lying excited states, and here we focused on the dependence on the strength of the spin-orbit force, V LS .
The ground state is compact four α state and almost independent of V LS . On the contrary, as pointed out by many previous works, cluster structure is important in the 0 + 2 state, and this is obtained also in our model. In addition, in the present study we discussed the change of the wave function of the 12 C cluster part. With increasing V LS , the level repulsion occurs and the 12 C cluster part change from three α's, which are not affected by the spin-orbit force, to the p 3/2 subclosure of the jj-coupling shell model, and the excitation energy of the 0 + 2 state drastically decreases.
The E0 transition matrix elements from the ground state to the excited states are strongly dependent on the level repulsions. For 0 ≤ V LS ≤ 1500 MeV, the E0 transition matrix element from the ground state to the second 0 + state is around 8 e fm 2 , which is much larger than the observed one (3.55 ± 0.21 e fm 2 ). In the region of V LS ≥ 1500 MeV, it starts decreasing and becomes comparable to the experimental one slightly above V LS = 2000 MeV. On the other hand, the value from the ground state to the third 0 + state is around 2 e fm 2 at V LS = 0 MeV and this is too small compared with the experimental value of 4.03 ± 0.09 e fm 2 . The value increases and becomes comparable to the experimental one around V LS = 2000 MeV. The decrease of the transition matrix element to the second 0 + and the increase to the third 0 + state is due to the level repulsion between the second and third states. The wave functions of these states are interchanged. Experimentally the transition matrix element to the third 0 + state is slightly larger than one for the second 0 + state, and this is realized with the V LS value slightly above 2000 MeV. In this model, only triangular pyramid structure of 16 O has been considered; however taking into account other orientations of 12 C part with respect to α is expected to help in further reproduction of the experimental transition matrix elements.
The expectation value of the square of the intrinsic spin was also analyzed. At V LS = 0 MeV, the ground and second 0 + states have the value close to zero. With increasing V LS , the basis states with finite Λ start contributing to each state, and the intrinsic spin increases; however the increase is much smaller in the ground state due to the closed shell structure of the p shell (the value is 0.3 at V LS = 3000 MeV). On the other hand, at V LS = 3000 MeV, the value for the second 0 + state is 1.8, where the subclosure configuration of the p 3/2 shell for the 12 C cluster part is important. The intrinsic spin structure of these two states are completely different. This is the reason for the suppression of the E0 transition probability between these states. Although the E0 operator itself does not have the spin dependence, the matrix element is sensitive to the difference of intrinsic spin structures of the two states.
In the traditional microscopic α cluster models, there has been a long standing problem that the calculated excitation energy of 0 + 2 is higher than the experiments by more than 10 MeV, since the spin-orbit force is missing. Now this is considerably improved by introducing the dissolution of α clusters. However, taking into account other effect, such as three-body force effect [28] , would be promising in order to fully solve the problem.
In this study we found an important correlation between the strength of the spin-orbit force and E0 transition to low-lying excited states. The E0 transition is sensitive to the persistence of N α correlation in the excited states and can be its measure. Similar investigations for other light nuclei are on going. 
